For the calibration of personal dosemeters in terms of H p (10), the ISO water slab phantom shall be used. The irradiation geometry must be chosen such that the field diameter at the phantom front surface is large enough to irradiate the phantom completely and, in addition, homogeneously. However, in practice it is not always possible to achieve this, especially if high dose rates are required and hence the irradiation must be performed at short distances. The subject of this investigation is to determine the influence of the beam diameter on the calibration result or, more correctly, on the quantity value of H p (10). Measurements were performed with a PTB-developed secondary standard chamber for H p (10) at several radiation qualities of the ISO narrow-spectrum series. The results show that a reduced beam diameter of only 250 mm decreases the quantity value of H p (10) by a maximum of 5 %. This can be considered by adding an additional standard uncertainty of a maximum of 5 % for the quantity value of H p (10).
INTRODUCTION
The radiation protection quantity H p (10) is defined as the personal dose equivalent in ICRU soft tissue at a depth of 10 mm in the body at the location where the personal dosemeter is worn (1) . For calibration purposes, the person-related definition of H p (10) is extended to a slab phantom made of ICRU soft tissue (2) . In the international standard ISO 4037-3 (3) , it is recommended for the realisation of H p (10) for the slab phantom to use the quantity air kerma free-in-air, K a , as basic quantity and to apply conversion coefficients. Such conversion coefficients from K a to H p (10) for monoenergetic and unidirectional photon radiation are laid down in ICRP Publication 74 (4) and ICRU Report 57 (5) for different angles of incidence a between the photon field and the normal to the slab phantom's front surface. For non-monoenergetic fields, these monoenergetic conversion coefficients must be folded with the spectrum to obtain the conversion coefficients h pK (10;R,a) for the radiation quality R and the angle of incidence a (6) . According to ISO 4037-3, for the calibration of personal dosemeters in terms of the personal dose equivalent H p (10) , the ISO water slab phantom with the geometry 300 mm Â 300 mm Â 150 mm shall be used and its front surface shall be irradiated completely and homogeneously. Correction factors due to possible differences in backscatter properties between this ISO phantom and that of ICRU soft tissue must not be applied.
However, in practice, the phantom front surface cannot always be irradiated homogeneously. The field diameter is sometimes smaller than required and/or the dose rate inside the cross-section of the field is not sufficiently homogeneous. In type tests of dosemeters, for example, it can be required to perform measurements at short distances, i.e. at high dose rates, to achieve adequate irradiation times. This implies often a smaller field diameter than necessary for complete irradiation of the slab phantom surface. The amount of backscatter of the slab phantom and the attenuation inside the phantom due to the 10 mm depth depend strongly on the photon energy. Hence, the values of the monoenergetic conversion coefficients from air kerma freein-air K a to H p (10) are not constant in the photon energy range between 15 keV and 400 keV but vary for a ¼ 08 between 0.26 and 1.9 (4 -6) . Therefore, it is important to investigate the effect of the beam diameter and the homogeneity of the dose rate distribution inside the beam diameter on the realisation of H p (10) and the calibration results.
Such investigations were carried out with a secondary standard chamber for H p (10) . The completely and homogeneously irradiated chamber was used as a reference. The measurement and the results are presented here for radiation qualities with mean energies between 12.7 keV (N-15) and 165 keV (N-200), for beam diameters between 68 mm and 416 mm and for an angle of radiation incidence of a ¼ 08.
EXPERIMENT

Measuring procedures
Photons which reach the slab phantom's front surface but do not directly meet the detector of the Published by Oxford University Press on behalf of the German Government 2010
Radiation Protection Dosimetry (2010), Vol. 140, No. 1, pp. 9-15 doi:10.1093/rpd/ncq036 Advance Access publication 22 February 2010 dosemeter can only influence the dosemeter indication, either if they are scattered and detected afterwards or if they produce secondary particles and these are detected by the detector of the dosemeter. The interaction processes of photons with energies between 10 keV and 7 MeV with matter are the photoelectric effect, Compton and Rayleigh scattering (coherent and incoherent scattering) and the pair production, the latter only for energies higher than about 1 MeV. For the slab phantom and energies higher than about 30 keV, the dominant process is Compton scattering (7) . The backscatter factor is defined as the ratio of the kerma to a given material at the surface of the phantom and the kerma to the same material at the same point in space in the absence of the phantom. Values for ICRU soft tissue in dependence on the energy were calculated for different types of phantoms by Großwendt (8) . The backscatter factor depends strongly on the photon energy. For a slab made of ICRU soft tissue, the backscatter factor has its maximum value between the mean energies of the qualities N-60 (Ē ph ¼ 47.9 keV) and N-100 (Ē ph ¼ 83.3 keV) (8) . In this energy region, the attenuation of 10 mm PMMA is nearly constant ($0.97). Hence, the conversion coefficient h pK (10;N,a) has its maximum also in this energy range.
It is expected that the effect of the beam diameter and the homogeneity of the dose rate distribution inside the beam diameter on the calibration result also have a maximum in this energy range. This was investigated in measurements part one. In measurements part two, the influence on the calibration result in dependence on the beam diameter was determined in detail. These measurements were performed at the radiation quality with the maximum influence determined in part one.
All measurements were performed with the secondary standard chamber for H p (10) (9) , as shown in Figure 1 . It consists completely of PMMA as do the walls of the ISO water slab phantom and has the same dimensions as the ISO slab phantom. The detector is an ionisation chamber filled with air. The active volume is 50 mm in diameter and 5 mm in thickness ($10 cm 3 volume). For complete irradiation of the front surface, the H p (10) chamber was characterised in detail (9) . The charge measured is directly proportional to the quantity value of H p (10) with only small deviations: for a ¼ 08 the chamber response to H p (10) changes in the large energy range from 15 keV to 6.7 MeV by only 18 % at maximum from the response at N-60 (Ē ph ¼ 47.9 keV), see Table 1 and Figure 3 given in Reference 9. In addition, these data show that the response changes very slowly with respect to energy. Therefore, the response for nominally the same radiation quality, e.g. N-40, changes only by 1 %, even if the mean photon energy, Ē ph , of the implementation of that radiation quality changes by +1 keV. This change in response is, at low photon energies, much less than the respective change in conversion coefficient from air kerma to H p (10) for +1 keV change in energy.
There is an additional benefit of this very slow change in response with respect to energy: It can be assumed that for a given radiation quality, the change in relative response for non-scattered and Compton-scattered photons is of the same order (5 %, see below) as for the measurements reported in this paper. As a conclusion, the change in response for non-scattered and Compton-scattered photons is neglected. Therefore, the measured ionisation current at the given radiation quality and the constant dose rate in the beam centre depend only on the beam diameter and the homogeneity of the dose rate distribution inside the beam cross-section at the plane of the chamber's front surface. This means that the change of the measured current due to a too-small beam diameter or an inhomogeneous irradiation indicates the uncertainty of the H p (10) value.
The backscatter properties of the ISO water slab phantom and of a PMMA slab with the same dimensions as, e.g. given for the H p (10) chamber, are similar (10) . The backscatter factor for a PMMA slab in the energy range between 10 keV and 2 MeV is higher than that of the ISO slab phantom. They differ by a maximum of 8 % (10) . This means that the maximum effect determined with the H p (10) chamber can be assigned to the calibration result of H p (10) dosemeters on the ISO water slab phantom as well. 
Measurements part one-experimental set-up
To investigate the energy dependence of the influence of the beam diameter on the calibration result, measurements were performed using 9 radiation qualities of the ISO narrow-spectrum series. They were carried out at the 120 kV and 400 kV X-ray facilities of the Photon Dosimetry group of the PTB. The 120 kV X-ray facility was used for the qualities N-15 (Ē ph ¼ 12. . At each quality, the H p (10) chamber was irradiated using three different beam diameters ( Figure 2 ): (i) nearly only the active volume was irradiated (field with a radius r 1 ); (ii) the beams do not illuminate the complete chamber (field with a radius r 2 ); (iii) the complete chamber is irradiated (field with a radius r 3 ). For each X-ray facility, three diaphragms are available for producing different beam diameters. For the definition of the beam diameter and its determination, see Table A1 .
All measurements were performed with the same irradiation time of 100 s, the same dose rate at the beam centre of about 6 mSv/h and the same experimental set-up. The distance between the reference point of the H p (10) chamber and the focus of the X-ray tube was 2.5 m at the 120 kV facility and 3.5 m at the 400 kV facility. The quantity value of the air kerma free-in-air, K a , was determined using a calibrated monitor chamber, permanently installed in the X-ray facilities. The calibration is traceable to PTB's primary standard for K a .
Measurements part two-experimental set-up
From part one of the measurements, the radiation quality with the maximum influence was determined and for this radiation quality, measurements were performed to determine the influence on the quantity value of H p (10) in dependence on the beam diameter, in detail.
The H p (10) chamber was irradiated at the 400 kV facility with the radiation quality N-100. The diaphragms I-7 and I-16 (Table A1) were used and the distance between the reference point of the H p (10) chamber and the focus of the X-ray tube was varied between 1 m and 5 m in steps of about 0.5 m. This resulted in field diameters from 68 mm to 416 mm.
As for most of these distances, no calibration for air kerma free-in-air, K a , of the 400 kV facility was available, the conventional quantity value of K a Figure 2 . Irradiation of the H p (10) chamber using three different field diameters: r 1 , r 2 and r 3 are the radii of the irradiated areas of the chamber's front surface. The rings r 2 2 r 1 and r 3 2 r 2 are outside the active volume. The area 0 to r 1 covers the active volume. The charge per air kerma q 1 is measured at the field radius r 1 , q 2 at r 2 and q 3 at r 3 . The normalisation is done by q 3 , i.e. complete irradiation of the chamber's front surface. For details see text.
was determined for each distance using a PTBdeveloped ionisation chamber with an active volume of 6.8 cm 3 (diameter: 40 mm). The chamber was optimised for a nearly constant energy dependence of its response for energies from 20 keV to 1.2 MeV. It was calibrated at PTB's primary standard for K a .
All measurements were performed with the same irradiation time of 100 s, the same dose rate at the beam centre of $6 mSv h 21 (chamber current: $1 Â 10 213 A) and the same experimental set-up.
Measurement results and discussion
All measurement results are given as charge measured by the H p (10) chamber, Q, and normalised to air kerma free-in-air, K a . This quotient is given the symbol q ¼ Q/K a and was determined for reference conditions (air density r 0 ¼ 1.1974 Â 10 23 g cm 
Measurements part one
For each of the two X-ray facilities, three different beam diameters in the plane of the chamber's front surface were produced by using three different diaphragms (Table A1) . At a field with radius r 1 of 42.5 mm or 60 mm, nearly only the active volume of the H p (10) chamber is irradiated and the measured charge per air kerma is q 1 . At the intermediate field radius r 2 of 121.5 mm or 122 mm, only a part of the chamber's front surface (including the active volume) is irradiated. The measured charge per air kerma is q 2 . The front surface is irradiated completely with the field radius r 3 of 217 mm or 271 mm and the measured charge per air kerma is q 3 .
In Table 1 , for each radiation quality, the charge per air kerma, q, for the radius r 1 and its increase due to the increase of the radius from r 1 to r 2 , from r 2 to r 3 and from r 1 to r 3 is given. The values are normalised to the charge per air kerma, q 3 , at complete irradiation, as this is the reference condition. The relative uncertainty of the q-values, determined according to the GUM (11) , can be estimated to be ,5 % (k ¼ 2). For each radiation quality, the contribution of q 1 is the largest.
The contribution of the ring sector from r 1 to r 3 , to the charge per air kerma is at maximum 24.5 % for the radiation quality N-100. This means that the influence of the beam diameter -and of the dose rate distribution inside the beam diameter -on the charge measured by the H p (10) chamber and, therefore, on the quantity value of H p (10) is at maximum for energies of about 80 keV. This is consistent with the energy dependence of the backscatter factor.
For N-100, the ring from r 2 to r 3 , which increases the irradiated area of the chamber's front surface by a factor of 2, contributes less than 9 % to the total charge per air kerma q 3 and to the quantity value of H p (10), respectively.
Measurements part two
The results of the measurements at the quality N-100 with a gradual increase of the field diameter are shown in Figure 3 . In addition, the results of the measurements part one are given in Figure 3 . From the last column of Table 1 and Figure 3 , it can clearly be seen that the effect of an incompletely irradiated chamber or phantom is at maximum for the radiation quality N-100. The solid line in Figure 3 gives the mean curve for the N-100 values and is the curve of maximum effect. Much smaller effects, down to less than one-third of the decrease in response, can be seen for very low photon energies, e.g. N-15 to N-30.
In addition, the points for N-100 are not on a single curve; they scatter slightly. The cause of this small scattering of the values may be due to the fact that the radiation beams collimated with different diaphragms are not parallel beams but are divergent to a different amount. The amount depends on the distance. The same field diameter can be obtained with a small diaphragm at a large distance or with a large diaphragm at a small distance. In a parallel beam, the region of the phantom behind the active volume of the H p (10) chamber gets a higher dose than in the case of the divergent beam. The backscatter contribution comes mainly from this region and, therefore, the signal measured by the H p (10) chamber is larger for a parallel beam than for a divergent beam. From the three points at about 240 mm diameter, which were measured with 109 cm to 250 cm distances, it could be concluded that the effect of the divergence is about 5 %. But as the relative uncertainty of the q-values is also of the order of 5 % (for k ¼ 2), this conclusion is quite uncertain.
Another important conclusion from Figure 3 is that for a beam diameter of 300 mm or more, the influence of the incomplete illumination of the phantom's front surface on the realisation of H p (10) and the calibration results, respectively, is ,2 %. For a diameter of 250 mm, the effect is 5 %. Even for a small beam diameter of 200 mm, the influence is only about 9 %.
For a complete irradiation of the phantom, another common problem is a non-constant dose rate inside the cross-section of the radiation beam. The maximum effect of an inhomogeneous irradiation of the phantom's front on the uncertainty of H p (10) can be estimated roughly with the data in Figure 3 , if no further information is available. If, for example, due to a bad adjustment of the X-ray tube or misaligned filter, the dose rate is nearly constant only inside a diameter of 250 mm, the influence can be estimated to 5 % at maximum.
SUMMARY AND CONCLUSION
For calibration or type-testing purposes of wholebody radiation-protection dosemeters, the front surface of the ISO water slab phantom shall be irradiated completely and homogeneously. However, the beam diameter is often insufficient to illuminate the phantom's complete front and/or inside the crosssection of the beam, the dose rate varies more or less. Therefore, it is of great importance to investigate the effect of the beam diameter and the dose rate distribution on the calibration result or on the quantity value of H p (10) and its uncertainty.
For the investigations, the PTB-developed secondary standard ionisation chamber for H p (10) was used which has the same dimensions as the ISO water slab phantom. The chamber current is nearly directly proportional to the quantity value of H p (10). It was irradiated with three different beam sizes: one with small diameter that illuminates nearly only the active volume of the H p (10) chamber; a second with medium diameter and a third with large diameter that completely illuminates the chamber's front surface. These measurements were performed for several qualities of the ISO narrow-spectrum series. Using the charges measured by the H p (10) chamber and normalised by the air kerma free-in-air, K a , in the absence of the phantom, the maximum effect of the beam diameter and of the real dose rate distribution inside the beam was found at the radiation quality N-100 (Ē ph ¼ 83.3 keV).
Afterwards, measurements were carried out with a gradual increase of the radiation beam diameter. The conclusion of the results of these measurements (see Figure 3) is that for a beam diameter of 300 mm or more (,30 % smaller than necessary for a complete illumination of the phantom), the effect is ,2 % of that of a completely illuminated phantom front. For a diameter of 250 mm, it is 5 %. Even for a small beam diameter of 200 mm, the influence is only 9 %.
These values also give a rough estimation of the maximum effect of an inhomogeneous, but complete illumination of the phantom's front surface on the quantity value of H p (10).
APPENDIX
Field diameters at the X-ray facilities used All measurements were performed at the 120 kV and 400 kV X-ray facility of the Photon Dosimetry Group of PTB. At each of the X-ray facilities, three diaphragms producing different beam diameters were available. At two distances from the X-ray tube focus and the most frequently used X-ray qualities, the dose rate distributions perpendicular to the central beam direction were determined inside different field diameters.
The plane of the field diameter was scanned using two PTB-developed cylindrical ionisation chambers for air kerma free-in-air. The active volume of the chambers is 16 cm 3 (21.3 mm in diameter and 44 mm in length) or 8 cm 3 (15 mm in diameter and 45 mm in length). They are made from PMMA, and the thickness of the walls (front wall and cylinder wall) is 1 mm. As the reference point, the centre of the active volume was taken. The characteristics of the chambers were determined in detail for radiation qualities of the ISO narrow-spectrum series and gamma qualities. Both chambers have a very small energy dependence of the response to air kerma. In the energy range from 13 keV to 1.2 MeV, the response changes for a change of the mean photon energy of +1 keV by ,1.8 %. This assures that the energy dependence can be neglected when measuring at different anode angles to determine the beam diameter. The dose rate dependence of the response is only 1.7 % at maximum and can also be neglected, i.e. the chamber current is (nearly) proportional to the dose rate. The chambers were orientated in the field with the cylinder axis parallel to the central beam direction. When measuring the chamber current in a plane perpendicular to the central beam direction, the chamber is irradiated at different angels between 08 and 68 at maximum. As the front and side walls of the chamber have the same small thickness of 1 mm, the change in response due to this effect can be neglected. In addition, it was proved that the responses for 08 and 908 are equal. The standard deviation of the chamber current measured at each position in the beam diameter was of the order of 1 % or less. As examples, in Figures A1 and A2 for some radiation qualities of the ISO narrow-spectrum series and for 1 m distance from the X-ray tube focus, the chamber current is shown in dependence on the radius and normalised to the current at the centre (r ¼ 0 cm). In Figure A1 , the normalised current distribution at the 120 kV X-ray facility and for the diaphragm I-17.5, i.e. nominal field diameter of 175 mm at 1 m irradiation distance, is shown. In Figure A2 , the distribution at the 400 kV unit for the diaphragm I-7, i.e. nominal diameter of 70 mm at 1 m distance from the X-ray tube, is shown. The nominal beam radius is marked by the dotted line.
To obtain the real dose rate distribution, perpendicular to the central beam direction, the measured distribution must be corrected for the fact that the chambers were not infinitesimally small but they have the diameter given above, i.e. the measured distribution must, in principle, be unfolded with the chamber dimension. This was done using the following simplified procedure. (i) It was assumed that the real distribution is rectangular. (ii) It was assumed that the beam diameter is given by the diameter at which the measured current is half of the value from which the steep decrease starts. For a rectangular dose rate distribution at this radius, only half of the active volume of the ionisation chamber used is irradiated, if second-order effects, such as the beam divergence, are neglected. To prove these assumptions, the determined rectangular distribution was folded with the dimensions of the respective chamber and plotted in Figures A1 and A2 as solid line. The quite good agreement can be taken as proof of the above assumptions.
The investigations show that for all radiation qualities, the real beam diameter is only a few millimetres smaller than the nominal one. For different radiation qualities, the beam diameter changes only very small (,3 %).
In Table A1 , for both X-ray facilities and each diaphragm, the beam diameter at a distance of 1 m and 2.5 m from the X-ray tube focus is given, determined as described above. The diameters produced with the diaphragm I-3.5 (35 mm nominal beam diameter at 1 m irradiation distance) were extrapolated from the measured diameters of the other diaphragms. Table A1 . Measured beam diameter (mm) at 1 m and 2.5 m for the 120 kV unit (I-3.5; I-10; I-17.5) and the 400 kV unit (I-3.5; I-7; I-16). The relative uncertainty of the diameters can be estimated to be ,10 % (k ¼ 2). See text for details. Figure A2 . Current of the ionisation chamber (active volume: 8 cm 3 ) in dependence on the distance from the central beam direction r and normalised to the current at the centre. The measurements were performed for radiation qualities of the ISO narrow-spectrum series with the diaphragm I-7 (nominal beam diameter 70 mm at 1 m distance from the X-ray tube focus) at the 400 kV X-ray facility and for the measuring distance of 1 m. The nominal beam radius is marked by the dotted line. The solid curve indicates the theoretical result for a field with a diameter of 34.2 mm (radius r ¼ 17.1 mm) and a rectangular dose rate distribution, if the dimensions of the ionisation chamber (diameter: 15 mm) are considered.
